The vestibular receptors in the labyrinth receive innervation from centrifugally projecting efferent fibers. The influence of these efferents on information processing by vestibular afferents in primates has not been determined. One commonly held notion is that efferent activation during large-amplitude, active head movements would result in an increase in the resting discharge rate and in a reduction of the rotational sensitivity of afferents. Such an effect would increase the dynamic range of afferents involved in the encoding of head movements. To test this hypothesis, we recorded from afferents innervating the semicircular canals in alert macaques during passive head-onbody rotations and during active head movements that included gaze shifts and gaze pursuit. Extracellular, single-unit recordings were obtained from 24 afferent fibers innervating the horizontal, superior, and posterior canals. Based on the normalized coefficient of variation of the interspike interval for these units, our sample contained six regularly discharging, six intermediate, and 12 irregularly discharging afferents. Responses were analyzed using a least squares regression to determine the bias discharge rate of each unit and sensitivity to head velocity and acceleration. We found no difference in bias discharge rate or rotational sensitivity of the afferent responses for the different stimulus conditions tested. Our results indicate that semicircular canal afferents encode information about head rotation similarly for self generated and passively applied headon-body movements.
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The role of the vestibular efferents in the processing of information about head motion in primates has been a mystery. The vestibular receptors receive innervation from centrifugally projecting efferent fibers (Rasmussen and Gacek 1958; Gacek and Lyon, 1974) . The efferent cell group in primates is made up of ϳ400 neurons that are located in the brainstem immediately lateral to the abducens nucleus (Goldberg and Fernández, 1980) . Efferent axons project bilaterally to each labyrinth and make contacts presynaptically onto type II hair cells and postsynaptically onto the axons of vestibular afferents (Lindeman, 1969; Klinke and Galley, 1974; Sans and Highstein, 1984) . In frogs (Valli et al., 1986) and presumably in mammals (Purcell, 1997) , the efferent innervation pattern is diffuse with individual fibers terminating onto multiple hair cells and onto afferents that arise from different vestibular endorgans.
Efferent control of vestibular end organs has been studied in a number of species including frogs, fish, turtles, birds, chinchillas, and monkeys . In toadfish and in barbiturate-anesthetized squirrel monkeys, electrical activation of the vestibular efferents results in an increase in the resting discharge rate of vestibular nerve afferents (Goldberg and Fernández, 1980; Highstein and Baker, 1985) . Further evidence of an excitatory action of efferents on afferent discharge rate is provided by studies in chinchilla (Plotnik et al., 2000) . More heterogenous effects have been reported in frogs (Bernard et al., 1985; Rossi and Martini, 1991) and turtles .
There are several lines of evidence that suggest that efferent innervation of the labyrinth might be used to change the background discharge rate and/or the sensitivity to motion of vestibular nerve afferents. First, experiments in alert toadfish have demonstrated that the modulation of semicircular canal afferents to passive head rotations decreases during electrical activation of efferent fibers. Second, toadfish efferent activation accompanies the responses leading up to an escape reaction (Highstein and Baker, 1985; Boyle and Highstein, 1990) . Immediately before this reaction, efferents were found to generate a burst of activity. The behaviorally induced excitation of the efferents led to an increase in the discharge rate and a decrease in the rotational sensitivity of afferents when assessed by passive head rotation. Third, in primates, the vestibular sensitivity of non-eye movement-related second-order vestibular nuclei neurons, which are thought to mediate the vestibulocollic reflex, is selectively attenuated for self-generated head-on-body rotations (Gdowski and McCrea, 1999; Roy and Cullen, 2001) . The site of the behaviorally dependent modulation of vestibular processing is unknown. A direct, efferent-mediated reduction of the head velocity signal that these neurons receive from vestibular nerve afferents would be one mechanism that could produce these behaviorally contingent changes in the encoding of head movements. Taken together, these findings are consistent with the hypothesis that the role of the efferent vestibular system is to increase the linear range of afferent responses during active head movements by increasing their background discharge and decreasing their rotational sensitivities (for review, see Goldberg et al., 2000; Purcell and Perachio, 2001 ). Accordingly, we sought to test whether vestibular efferents change the discharge rate and rotational sensitivity of semicircular canal afferents during different conditions of head and eye movement.
MATERIALS AND METHODS
T wo monkeys (a Macaca mulatta and a Macaca fasicularis) were prepared for chronic extracellular recording. The procedures recently described (Sylvestre and Cullen, 1999) were used for the surgical preparation of monkeys. A stainless steel recording chamber was positioned stereotaxically on the skull to record from the vestibular nerve at the point at which it emerged from the internal auditory meatus. We approached the vestibular nerve through the floccular complex, which was identified by its eye movement-related activity (Lisberger and Pavelko, 1986) . Entry to the nerve was preceded by a silence, indicating that the electrode had left the cerebellum, and after exiting the nerve we were able to determine (as infrequently as possible) the location of the base of the skull by the abrupt appearance of 60 Hz noise. Before the recording experiments, the location of the nerve was confirmed in both monkeys as follows: first, a guide tube was advanced through an X-Y stage (Narishige, Tokyo, Japan), which was attached to the monkey's recording chamber, to a depth estimated to be 1.5 mm above the nerve. Second, the proximity of the guide tube to the internal auditory meatus was then verified by anesthetizing the monkeys and making x-ray images of their heads in the horizontal, sagittal, and frontal planes. In one animal, the location of the microelectrode within the vestibular nerve was later histologically confirmed. All experimental protocols complied with the guidelines of the C anadian Council on Animal C are and National Institutes of Health and were approved by the Animal C are Committee of McGill University and by the Animal C are and Use Committee of the Johns Hopkins University School of Medicine.
During the experiments, the monkey was seated in a primate chair. For six afferents, horizontal and vertical gaze and head movements were recorded using the magnetic search coil technique (Fuchs and Robinson, 1966) . For the remaining afferents, horizontal, vertical, and torsional head movements were measured using two orthogonally placed coils that were secured to the animal's head implant. For vertical and horizontal canal units, we analyzed only those head movements for which the amplitude of the torsional component was Ͻ15% of the vertical or horizontal component, respectively. The extracellular recording techniques that were used have been recently described (Hullar and Minor, 1999; Sylvestre and Cullen, 1999) . Monkeys generated voluntary eyehead movements to track a food target, which was alternatively presented on either side of an opaque screen facing the monkey (gaze shifts; Guitton et al., 1984) , or which was slowly moved in front of the monkey to elicit eye -head pursuit. To investigate each the response of each afferent during passive head rotations, the experimenter manually rotated the animal's head on its neck to induce head-on-body movements with trajectories comparable to those generated during voluntary gaze shifts and pursuit (peak head velocity ϭ Ϯ100 -400°/sec and predominate frequency 0.5-1.5 Hz). Behavioral paradigms, target, head motion, and the storage of data were controlled by a UN I X-based real-time data acquisition program, and all data were recorded on a DAT tape for later playback and analysis. Off-line, gaze, and head position signals were low-pass filtered at 250 Hz (8 pole Bessel filter) and sampled at 1000 Hz. These signals were digitally filtered at 125 Hz and differentiated to produce velocity signals.
The spike train of each vestibular afferent was analyzed off-line. A windowing circuit (BAK Electronics Inc., Germantown, MD) was set manually to generate a pulse coincident with the rising phase of each action potential. The neural discharge was represented using a spike density f unction in which a Gaussian was convolved with the spike train (Cullen et al., 1996) . The resting discharge of each unit and coefficient of variation of the interspike interval (C V) were determined. A normalized coefficient of variation (C V*) was calculated using the method described by Goldberg et al. (1984) . A least-squared regression analysis was then used to determine the modulation bias of each unit (bias ϭ spikes per second), head velocity sensitivity ( g v ϭ spikes per second /degrees per second), and head acceleration sensitivity ( g a ϭ spikes per second / degrees per second) during passive and self-generated head motion. Afferents were typically driven into the nonlinear range (inhibitory cutoff) for large-velocity head movements in their off direction. Accordingly, fits to the passive and active rotations were made based on responses that were Ͼ10 spikes/sec. During on-direction rotations, afferents were rarely driven into saturation. Nevertheless, because afferent neurons typically discharge at rates less than ϳ300 spikes/sec, data for which the firing rate was greater than this value were not included in the optimization. Because the firing rate bias of each afferent was estimated during passive and active head motion, rather than constraining it to the value of its resting discharge, the influence of the type of distortion that has been reported by Fernández and Goldberg (1971) would have been minimal.
The semicircular canal innervated by each afferent was determined based on the responses of the afferent to manually delivered rotations. Horizontal canal afferents were excited by rotations toward the side of the recording, anterior canal afferents by downward rotations, and posterior canal afferents by upward rotations. The active and passive rotational sensitivities of horizontal and vertical canal units were quantitatively characterized during horizontal and vertical head rotations, respectively. We restricted our analysis to those movements for which the amplitude of head motion was at least 95% in the horizontal plane for horizontal canal units and at least 95% in the vertical plane for vertical canal units. Because the head rotations for vertical canal units were not in the plane of the canal, trigonometric corrections were made for the sensitivities of these units from the pitch and roll components of the head rotations as we have described (Hullar and Minor, 1999) .
RESULTS

Afferent responses during passive head movements
The responses of 24 vestibular nerve afferents that were sensitive to rotational head movements, but not to static tilts, were recorded in two monkeys. When classified based on the plane and direction of rotation that led to maximum activation during passive head-on-body rotation, there were 8 horizontal canal, 11 superior canal, and 5 posterior canal afferents. When classified based on regularity of discharge, there were 6 regularly discharging (CV* Ͻ 0.1), 6 intermediate (CV* ϭ 0.1-0.2), and 12 irregularly discharging (CV* Ͼ 0.2) afferents. There were two irregularly discharging afferents with rotational sensitivity Ͻ0.5 spikes/sec per°/ sec. Based on the relationship between CV* and rotational sensitivity for dimorphic and calyx-only units described by Lysakowski et al. (1995) , these two irregularly discharging afferents were likely to be calyx-only units, and the other 10 irregular afferents were likely to be dimorphic. The mean resting discharge rates were 99 Ϯ 26 spikes/sec (mean Ϯ SD) for regular afferents, 113 Ϯ 36 spikes/sec for intermediate, and 87 Ϯ 48 spikes/sec for irregular units. The rotational sensitivity of each neuron was calculated by estimating the coefficients for the following model:
where FR is firing rate, Ḣ is head velocity, g v is the sensitivity to head velocity, Ḧ is head acceleration, and g a is the sensitivity to head acceleration. The velocity sensitivity calculated from passive head rotations was as follows: 0.47 Ϯ 0.26 spikes/sec per°/sec for regular afferents, 1.26 Ϯ 0.81 spikes/sec per°/sec for intermediate afferents, 1.13 Ϯ 0.55 spikes/sec per°/sec for dimorphic irregular units, and 0.36 Ϯ 0.10 spikes/sec per°/sec for calyx irregular units. These values are similar to those reported in previous studies of semicircular canal afferents in alert macaques (Keller, 1976; Lisberger and Pavelko, 1986) . The mean acceleration sensitivity was 0.002 Ϯ 0.001 spikes/sec per°/sec 2 and did not differ between the various classes of neurons in this study.
Afferent responses during active head movements
The responses of a posterior canal afferent with intermediate discharge regularity (CV* ϭ 0.10) to passive and active head rotations are shown in Figure 1 . The fit of Equation 1 to the passive head rotation is shown in Figure 1 A. To determine if there were any changes in the afferent responses to active in comparison to passive head movements, we used the model based on passive head rotations to predict the responses under the active head movement conditions (Fig. 1 B,C, heavy traces) . The voluntary, active head movements were generated during (1) combined eye-head tracking (gaze pursuit, Fig. 1 B) and (2) eye-head gaze shifts (Fig. 1C) . This afferent was typical of all units in our sample in that its modulation was similar during passive and active head-on-body rotations. Furthermore, note that in the interval immediately after gaze shift, denoted by the vertical arrows in Figure 1C , gaze is held fixed in space while the head is still moving. The discharge of the neuron continued to modulate in relationship to head velocity, as predicted by the responses during passive head rotation during all portions of this record.
To further investigate any changes in afferent responses between passive and active head movement, we selected intervals of head rotation that were of comparable frequency and velocity in the two conditions. Figure 2 shows a horizontal canal regularly discharging afferent (CV* ϭ 0.06) during similar passive and active head rotations. The head was moving left and right at a frequency of ϳ1 Hz and at a peak velocity ranging from 70 to 200°/ sec. The fit of Equation 1 to the data from passive rotation is shown in Figure 2 A. The bias discharge rate, velocity sensitivity, and acceleration sensitivity of the afferent measured 70 spikes/ sec, 0.36 spikes/sec per°/sec 2 , and 0.0002 spikes/sec per°/sec 2 , respectively during this stimulus condition. The fit of Equation 1 to the data from active rotation is shown in Figure 2 B. The bias rate, velocity sensitivity, and acceleration sensitivity of the afferent were 71 spikes/sec, 0.32 spikes/sec per°/sec, and 0.0002 spikes/ sec per°/sec, respectively, during this stimulus condition. We also used the coefficients of the fit to the passive rotation data to predict the response to the active rotation. The goodness of fit in each stimulus condition was evaluated with a measure of variance-accounted-for (VAF). The VAF for the prediction using the passive model to fit the data from active rotation was 0.93, which was comparable to VAF of the passive (0.97) and active (0.95) fit estimates.
Responses during passive and active head movements were comparable
Figure 3, A and B, presents a comparison of the bias discharge rate and rotational sensitivity, respectively, for the fits to the data from the active and passive rotations. The regression equations relating these data were: , and combined eye-head gaze shifts ( C). A model based on passive head movement sensitivities (dark traces) is superimposed on the firing rate profiles (shaded traces). This model provided an accurate prediction of the afferent firing rate in all conditions. Upward directed traces denote upward moving eye, head, and gaze velocities. Horizontal lines indicate velocities of 0°/sec. The rectangles in B indicate intervals of gaze pursuit during which head movements were generated. The vertical arrows in C indicate the interval immediately after the gaze shift where gaze is stable but the head continues to move. Vertical lines in C indicate the onset and offset of gaze shifts using a Ϯ 20°/sec criterion. FR, Firing rate; Ġ , horizontal gaze velocity; Ė, horizontal eye velocity; Ḣ , horizontal head velocity.
The mean bias discharge measured across afferents from the fits for the passive rotations was 112 Ϯ 47 spikes/sec and was 112 Ϯ 45 spikes/sec for the active rotations (paired t test; p ϭ 1.0). The mean velocity sensitivity of the afferents for passive rotations was 0.94 Ϯ 0.64 spikes/sec per°/sec, and the mean for active rotations was 0.91 Ϯ 0.61 spikes/sec per°/sec (paired t test; p ϭ 0.7). Moreover, the acceleration sensitivity of the 24 afferents was not different during active rotations (0.002 Ϯ 0.002 spikes/sec per°/ sec 2 ) in comparison with the passive stimulus condition (paired t test; p ϭ 0.3). Afferents were typically driven into inhibitory cutoff during portions of the stimulus record that were Ͼ100°/sec for high-gain irregular afferents and Ͼ200°/sec for regular and low-gain irregular afferents. Optimization for fits to the passive and active rotations were made based on responses that were not in inhibitory cutoff. The bias and sensitivity coefficients measured from these fits provided an accurate prediction of head velocity at which the afferent entered into and emerged from inhibitory cutoff for both the active and passive conditions. Thus, the afferent response dynamics did not differ for active and passive head movements.
This conclusion was further strengthened by the finding that the coefficients estimated in Equation 1 for the data from passive rotations provided an excellent predictive fit to the data from the active rotations. Indeed, the difference between the predicted VAF (coefficients from the fit to passive rotation data applied to active rotation condition) and the VAF calculated from the best Figure 2 . Activity of an example horizontal canal afferent during passive head-on-body rotations ( A) and active head movements ( B). Models based on discharge bias, head velocity sensitivity, and head acceleration sensitivity (dark traces) were estimated separately to describe afferent response during passive and self-generated head-on-body rotations. Excellent fits were obtained in both conditions. H h , H v , and H t, Horizontal, vertical, and torsional head position; Ḣ h , Ḣ v , and Ḣ t, horizontal, vertical, and torsional head velocity. fit to the active-rotation data was 0.04 (9% of VAF for the optimal fit). Furthermore, this difference in VAF was comparable across neurons regardless of CV* and resting discharge rate (CV* vs difference in VAF, r 2 ϭ 0.04, p ϭ 0.3; resting discharge rate vs difference in VAF, r 2 ϭ 0.04, p ϭ 0.48). These relationships are shown in Figure 4 , A and B, respectively.
DISCUSSION
The principal hypothesis investigated in this study was that vestibular efferents function to increase the background firing rate and decrease the rotational sensitivity of vestibular afferents during actively generated head movement, thereby decreasing the probability of inhibitory cutoff or excitatory saturation of these afferents. Our findings provide evidence that this hypothesis is incorrect for afferents innervating the semicircular canals in primates. These afferents were characterized during active rotations made during gaze shifts and gaze pursuit and during passively applied head-on-body movements with comparable trajectories. Afferents responded identically to actively and passively generated head-on-body rotations. Accordingly, we conclude that the vestibular efferent system does not differentially modulate afferent responses during self-generated versus passive head rotations.
Implications for the central processing of vestibular information
Recent studies have shown that the vestibular neurons, which receive direct inputs from vestibular afferents, do not reliably encode head-in-space velocity during the active head movements made during gaze shifts and gaze pursuit. The vestibular sensitivity of non-eye-movement-related second order vestibular nuclei neurons, which are thought to mediate the vestibulocollic reflex, is selectively attenuated for self-generated, head-on-body rotations ). In addition, the vestibular signals carried by interneurons involved in control of the vestibuloocular reflex (VOR) are reduced during these combined eyehead movements (McCrea et al., 1996; Roy and Cullen, 1998; Cullen et al., 2001) . At first glance, it would seem that a likely explanation for these results could be that the vestibular afferent input to these neurons is selectively suppressed during selfgenerated head rotations. However, there are two points to consider: first, the head velocity signals carried by VOR interneurons are suppressed whenever the visual axis of gaze is redirected, regardless of whether head rotations are self-generated or externally applied . Second, responses are only attenuated when the behavioral goal is to redirect gaze and are unchanged during self-generated head movements when gaze is stable. Thus, these results suggest that the vestibular afferent input to the vestibular nuclei neurons is not selectively suppressed during self-generated head motion. The findings of our present study confirm and complement these previous results and show that semicircular canal afferents encode rotation velocity identically for active and passive head rotations.
Comparison with previous studies of vestibular efferents
In a previous series of investigations of the effects of efferent activation on the responses of vestibular afferents in the toadfish, Highstein and Baker (1985) , Boyle and Highstein (1990 ), and Highstein (1991 , 1992 showed that preceding an escape response (cessation of gill motion, elevation of the dorsal fin, flaring of the pectoral fins, and straightening of the body in response to tactile stimulation of the snout) there was an increase in the background discharge rate and a decrease in the sensitivity of the afferents to passively applied rotations. These effects were analogous to those observed during electrical activation of the efferent cell group. Indeed, increases in the firing rate of efferent fibers were noted at the onset of this behavior. These findings appear to suggest a different role for vestibular efferents in this species as compared with primates. However, the experimental paradigm differed significantly from that we have used in the present study in that the fish did not make active head movements during the periods of afferent recording. These responses may be a part of a more generalized arousal mechanism that involves the activation of vestibular efferents (e.g., a startle response). It would be informative to know the responses of vestibular afferents in toadfish during a more extensive repertoire of behaviors that include head movements during free swimming.
The previous study of the effects of efferent activation in Figure 4 . The VAF difference for each neuron was calculated by subtracting the predicted VAF (determined by applying model fits from passive rotation data to the active rotation condition) from the VAF calculated from the best model fit to the active-rotation data. The resultant difference in VAF was small, and was comparable across neurons regardless of CV* ( A) and resting discharge rate ( B).
barbiturate-anesthetized squirrel monkeys reported an increase in resting rate of most afferents after electrical stimulation of the efferent cell group in the brainstem (Goldberg and Fernández, 1980) . These effects were greatest for irregularly discharging afferents. For the subset of canal afferents tested with passive rotations during efferent stimulation, a decrease in rotational sensitivity was observed, except in situations in which the efferent-induced increase in resting discharge rate prevented inhibitory cutoff in afferents. The results and conclusions were similar to those reported by Highstein and Baker (1985) , Boyle and Highstein (1990) , and Highstein (1991) and (1992) , providing support for the hypothesis that a role of vestibular efferents is to increase the linear range of afferent responses during active head movements. The finding that activation of the efferent system decreases the rotational sensitivity of afferents gave rise to the notion that a copy of the head movement motor command might be used by the efferent vestibular system to cancel the modulation of afferent activity in response to active head motion (Purcell and Perachio, 2001) . The proposed mechanism is analogous to the function of efferent system in the lateral line organs of fish (Roberts and Russell, 1972) . However, the results of the present study are not compatible with this hypothesis, because afferent responses were comparable during self-generated and passive head-on-body rotations.
Implications for the role of efferents in primates
Studies over the past three decades have evaluated other hypotheses regarding the role of the vestibular efferent system. The efferents do not appear to modulate afferent responses during normal wakefulness because the spectrum of afferent responses is relatively the same for barbiturate-anesthetized and alert monkeys (Fernández and Goldberg, 1971; Keller, 1976; Lisberger and Pavelko, 1986) . The premotor circuitry responsible for the control of eye movements also does not appear to influence afferent responses in that, for head-restrained animals, afferents are not modulated during saccadic eye movements or optokinetic nystagmus (Miles and Braitman, 1980) . Furthermore, it is unlikely that neck proprioceptive inputs influence vestibular afferent responses, because second-order vestibular neurons in rhesus monkeys respond identically to head velocity during passive and active rotations of the head-on-body Cullen, 2001, 2002) . Finally, in the present study, we have demonstrated that these signals are also absent on afferents during self-generated, combined eye-head movements.
Since we have shown that efferents are not modulating the activity of semicircular canal afferents during self-generated head motion, what is their physiological role? One possibility is that they have a role in the long-term balancing of activity between the two labyrinths. In a role analogous to that shown for auditory efferents (Walsh et al., 1998) , the vestibular efferent system might function to establish calibration of the afferent activity originating from the two labyrinths during development. Alternatively, the system could function after maturation to offset asymmetries in afferent resting rates and rotational sensitivities that would interfere with the function of vestibular reflexes (Lasker et al., 2000) . Such asymmetries can occur during disease processes and, perhaps, as a consequence of the effects of aging on hair cells and afferents (Lopez et al., 1997) . It is possible that efferents have a role in restoring symmetry to these processes. The slow component of excitation of vestibular nerve afferents observed after electrical activation of the efferents might underlie such a mechanism (Goldberg and Fernández, 1980) . Another possibility is that activation of the efferent system has a differential influence on canal and otolith afferents. Efferents could function to offset the effects of gravity on otolith afferents, thereby maximizing the range available for encoding changes in linear acceleration.
